
IEEE ROBOTICS AND AUTOMATION LETTERS, VOL. 4, NO. 2, APRIL 2019 1271

A Compact Dental Robotic System Using Soft
Bracing Technique
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Kazuhiro Kosuge, and Zheng Wang

Abstract—A wide range of commonly performed dental proce-
dures, from operative caries removal, crown preparation, filling,
to Orthodontia, could potentially benefit from robotic assistance
or enhancement. Despite the wide applicability, dental robots have
received far less research attention in comparison with surgical
robots in general, with the vast majority of state-of-the-art den-
tal robot systems built around commercially available industrial
robotic manipulators. In this letter, we propose a novel robotic ma-
nipulator system dedicated to dental applications. The proposed
robot design utilizes tendon-sheath transmission, by which the
electric-motor actuators could be placed away from the manipula-
tor, resulting in substantially more compact size and lighter weight
than industrial-arm-based state-of-the-art systems. The main con-
tribution of this letter is introducing a soft-robotic bracing element,
which could substantially improve manipulator performance in-
cluding stiffness, force capability, and accuracy. The concept, de-
sign, and fabrication aspects of the soft bracer are presented in
detail in this letter. Design and system integration of the entire
dental robot system are also introduced, and the performance of
the system is validated using a fabricated prototype, where the ben-
efits and unique performances of using the soft bracer are high-
lighted from experimental results. With compact size, excellent
tool interchangeability, and fully customized toward dental pro-
cedure specifications, the proposed dental robot system with soft
bracer could potentially be used in wide applications from caries
removal to crown treatments, offering a promising alternative with
substantially smaller footprint and lower cost to current solutions.

Index Terms—Tendon/wire mechanism, medical robots and sys-
tems.
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I. INTRODUCTION

D ENTAL issues are quite common in our daily life. Ac-
cording to the data provided by WHO [1]–[3], 60∼90%

of school children and almost 100% of adults were suffering
from dental caries worldwide. While severe periodontal disease
has been found in 15∼20% of adults at the age from 35 to 44. For
elderly people from 65 to 74 years old, 30% have lost all their
natural teeth. Dental issues can be extremely severe and painful,
and further affect life quality and systemic health [4] if patients
cannot get appropriate treatments in time. However, global labor
shortage in dentistry has made timely treatments impossible for
most patients. It has been reported that there are only around
2000 registered dentists in Hong Kong with 7 million popula-
tions [5], and this unbalance between demands and needs is even
worse in underdeveloped regions. Long period of training makes
it difficult to have enough dentists in a short time. We therefore
came up with the idea of applying robots in dental procedures.
With the controllable motions, robots can not only improve the
efficiency of dental procedures, but also improve the treatment
efficacy by preventing human errors since most dental proce-
dures are fully dependent on dentists manual skills for now [6].

Robots in dentistry can be generally divided into two
categories [7], [8], one is for training purposes by simulating
human reactions during dental treatments [9]–[12], and the
other is for assisting dental procedures [13]–[16]. For the
latter one, multiple designs have been proposed for different
dental procedures [17], [18], among which, Yomi, released
by Neocis Company and the dental robot developed [19] are
the most advanced ones. Yomi was approved by FDA in 2017
and is targeted at dental implants surgeries. With its navigating
system, Yomi is able to provide a physical guidance for dentists
to precise localization of the tooth needing repair. While the
dental robot proposed [19] has performed a clinical trial of
dental implant surgery, where the robotic manipulator is able
to locate to the dental caries automatically.

Both of these manipulators were adapted from current indus-
trial manipulators, whose dimensions as well as workspaces are
far more than enough for dental applications [20]. In our design,
we applied tendon-sheath mechanism, by which the actuation
part can be moved away from the joints, therefore the scale and
weight of the proposed manipulator can be greatly decreased,
and so is the workspace. However, unavoidable elongation of
tendons, brings vibrations at the end, which will affect the per-
formances especially when precision and steadiness are both
required.

Bracing strategy for manipulator operations have been pro-
posed and validated since 1980s [21]–[23]. Studies have shown
that by sacrificing one or more degrees of freedom, the pay-
load, stiffness and relative parts positioning accuracy can be
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Fig. 1. Proposed dental manipulator integrated with the bracing actuator.

Fig. 2. Bracing strategy for manipulator operations (a) Unconstrained. (b)
Braced against the work surface. di represents the amplitude of vibration in
different conditions.

significantly improved, especially for applications such as grind-
ing and assembly. Inspired by existing bracing strategies, we
also added bracing structure in the proposed system in order to
obtain better performances. Different from previous designs as
rigid bracing structure, we applied a soft bracing actuator made
of silicone gel, the shape of which will change depending on
the input air pressure. With the soft bracing actuator, the stiff-
ness of the proposed system has increased and more flexibilities
remained compared with those with rigid bracing structures.

Bracing strategy will be explained in details in section II. In
section III, the whole system design and kinematics analysis
will be elaborated. Control and integration of the robotic system
will be introduced in section IV. Experiments validation will be
illustrated in section V, including experimental instruments and
results. In the last section, summary of our work and possible
future applications can be found.

II. BRACING STRATEGY

Bracing to increase positioning accuracy and stiffness can
be easily understood as similar to humans handwriting motions
with elbows or wrists contacting the table surface. In terms
of robot operations, bracing strategies have also been used to
improve robot performances. Basic idea of bracing is to add
restrictions to some point of the manipulator other than the
end-effector, among which, bracing against a surface has been
widely used asshown in Fig. 2(b) [21].

Fig. 3. Scheme of proposed robotic system.

Undesirable vibrations usually occur during robot operations
due to the compliance between joint connections, especially
for manipulators with multiple degrees of freedom. For tasks
requiring precision, it takes extra time waiting for the vibration
to be damped out which limits the force and position control [21]
at the end-effector. It became worse for machining and drilling
procedures, where the vibratory load could excite a resonance
if the lowest natural frequency is not sufficiently higher than the
load vibrating frequency.

Dynamic behaviors of the braced and non-braced manipula-
tor have been analyzed [21], which has validated that the lowest
natural frequency of the braced manipulator is always larger
than or at least equal to non-braced ones, the dynamic perfor-
mances of manipulators can therefore be improved with bracing
structures.

III. SYSTEM DESIGN AND ANALYSIS

A. System Design

The robotic system we proposed consists of three parts, a
braced manipulator of 6 degrees of freedom, with a commer-
cially available dental drill as the end-effector, 6 motors for
motion control, and a dentist console, including an imaging sys-
tem and a haptic device for teleoperation. The system scheme
is presented in Fig. 3. All the joints were 3D printed by plastic
filaments (PLA+). Motors (DYNAMIXIEL) are connected to
joints by tendon-sheath mechanism and one motor for one joint.
During procedures, dentists hold the haptic device (Touch 3D
Stylus) which provides its end position in real time, the manip-
ulator will move in the same trajectory as the haptic device by
sending appropriate instructions to motors. And the scheme of
the proposed system can be found in Fig. 3.

B. Kinematics Analysis

The proposed robotic manipulator consists of six joints, in-
cluding two revolute joints, two cylindrical joints and one wrist
joint with two joints crossed. Detailed mechanical design spec-
ifications can be found in Table II. The resolution of joint angle
as well as the joint continuous output torque is calculated ac-
cording to the technical specifications of motors (DYNAMIXEL
MX series and PRO series). The motion and force transmission
results are considered and converted as well. The position ac-
curacy was calculated in three dimensions as x, y, z, according
to their relations between joint angles. The steel wires elonga-
tion was estimated by calculating the elastic elongation of steel
wires with total length as 350mm, diameter as 0.68mm and un-
der 300g load. Both of these results are shown in Table II. DH
parameters are listed in Table I.
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TABLE I
DH PARAMETERS

TABLE II
SYSTEM PARAMETERS

Fig. 4. Design of the proposed manipulator. (a) Coordinate frames of the
proposed manipulator. (b) Joints of the proposed manipulator.

Transformation matrixes can be written according to DH pa-
rameters and the position of the last joint can be computed by
multiplying these transformation matrixes in order. We assume
the starting point is (0, 0, 0, 1)T labeled as (x0 , y0 , z0) in Fig. 4
and the center position of the last joint is shown below.

x6 = cθ1(l3cθ2 + l4sθ2+3) (1)

y6 = sθ1(l3cθ2 + l4sθ2+3) (2)

z6 = l4cθ2+3 − l3sθ2 + l0 (3)

Regarding inverse kinematics analysis, the position and ori-
entation of the 6th joint is assumed to be (x6 , y6 , z6 , α6 , β6 , γ6),
through which the angles of each joint can be calculated. Since
the last three joints intersect with each other, the location of the
last joint only relates to the first three joints. And the results are

Fig. 5. Workspace of the proposed manipulator in 3 dimension with a modular
tooth sketch.

as follows.
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The rest of the joint angles can be calculated based on the
rotational transformation matrix 3

6R, which can be computed
according to 3

6R=0
3R

T 0
6R.

Based on the kinematics analysis, the workspace of the pro-
posed manipulator is plotted as shown in Fig. 5, where the angle
ranges of the cylindrical joints are 90 degrees, for the rest joints
are half of its full rotational range. A human tooth sketch is
plotted in Fig. 5, which can be fully covered by the workspace
of the dental drill mounted on the proposed manipulator.

C. Tendon-Sheath Mechanism

Tendon-sheath mechanism has been widely used in surgical
robots [24]–[27], especially in laparoscopic surgeries, where
space constrains can be greatly relieved by moving actua-
tion parts away. Similar in our case, tendon-sheath mechanism
has brought us more flexibilities in manipulations in dental
procedures.

Structures of joints were designed based on its motion fea-
tures, therefore we have three types of joints, which are cylindri-
cal joint, revolute joint and wrist joint. Similar to our previous
work published in [28], both of the cylindrical joints consist of
two parts, the outer part and the inner part which rotates along
the center shaft and transfers the rotatory motion to its proximal
joints. A pair of tendons are used to connect these two parts and
actuate rotations in clockwise and counterclockwise directions
as shown in Fig. 6(a) and (c). Revolute joint as shown in Fig. 6(b)
rotates around the shaft perpendicular to both of its distal and
proximal end. A pair of tendons is placed mirror symmetrically
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Fig. 6. Tendon-sheath mechanism of the proposed manipulator. (a) First cylin-
drical joint. (b) First revolute joint. (c) Second cylindrical joint. (d) Wrist joint.
(d) Tendon-sheath mechanism of the whole system. Bold black lines represent
the tendons covered with sheath, while black lines represent tendons.

passing through the holes in the distal and proximal end. And
the other revolute joint differs only in size.

The wrist joint was designed based on a universal joint. The
two ends of the universal joint were fixed to two separate parts,
and were connected with four wires, one for each direction.
In order to prevent the interferences between wires crossed in
between, the moving trajectories of wires are restricted to a
sphere whose center is the same as the universal joint. When
one wire is stretched, the other wire opposing to it will be
loosened, and the crossed ones will not be affected since the
motion generated is along the surface perpendicular to them.

D. Soft Bracing Actuator Design

In order to increase the stiffness of the proposed system, we
applied bracing strategy as well. Conventional bracing strategy
with rigid structures increases control complexity as well as
constrains in workspace. Inspired by soft robots with control-
lable compliance [29], [30], we braced the proposed manipula-
tor with a soft actuator as shown in Fig. 7(f). Different from the
soft bending actuators described before [31]–[33], the proposed
soft bracing actuator is specialized for giving the dental drill a
human-friendly supporting point inside the mouth. Therefore,
three major requirements have to be satisfied: a) a ring-shaped
actuator outline is needed to cover the dental drill so that force
applied on the drill is isotropous; b) when the soft bracing is
inflated, the part that covers the dental drill should expand to-
wards the center while the other parts remain the same; c) the
soft bracing actuator should be large and stiff enough to keep the
mouth open, but not too large to block the camera or to damage
a persons mouth. Also, two silicone rubber (Dragon skin 10 &
30, Smooth-on Inc., PA, USA) with different elasticity modulus
were chosen for comparison. Inner layer was first molded using
a ring-shaped 3D printed part to define the chamber (Fig. 7(a)).
Strain limiting mesh was winged on both top and bottom of
inner layer using fiber reinforcement (Fig. 7(b)). The part was
then put into a second set of 3D printed mold for outer layer
molding. (Fig. 7(c)). The outer layer shape was based on a stan-
dard trapezoid mouth opener. When the silicone was cured, the
ring-shaped part was removed and a set of 3D printed clamp was
added onto the actuator (Fig. 7(d)), which served the purpose

Fig. 7. Design and fabrication of the soft bracing actuator. (a) Inner layer
molding using 3D printed mold (1). (b) Adding strain limited mesh by winding
fiber reinforcement. (c) Outer layer molding using 3D printed mold (2). (d)
Removing ring-shaped part and adding clamp. (e) Soft bracing actuator. (f) Soft
bracing actuator with cameras and the dental drill.

Fig. 8. Stereo imaging system. (a) Binocular display. (b) Cameras. (c) Scheme
of the imaging system, d1 is the distance between two lenses, which is limited
to the geometry of the cameras as 5.5mm, f is the focal length of the lens in
cameras as 20mm, θ is the angle of view of the camera as 56° and d2 is the
minimum distance between the object and the cameras in order to have stereo
imaging as around 5.2mm. Hatched area shows the overlapping area of the two
view-fields, where a clear stereo imaging can realize.

of both sealing and constrain of side wall expansion, as well as
supporting cameras.

E. Imaging System

The imaging system contains two cameras positioned close to
teeth and a binocular display for dentists to monitor the locating
and drilling process during procedures. The configuration of
these two cameras are shown in Fig. 8. The distance between
the two displays can be adjusted in order to fit pupil distance of
different people.

IV. CONTROL AND SYSTEM INTEGRATION

In this section, the control method of the whole system will
be presented (Fig. 9), especially the teleoperation part. The con-
figuration of the whole system will be shown as well.

The haptic device in the proposed system consists of 6 degrees
of freedom, and the position and orientation of its end-effector
can be obtained through its built-in sensors, which has been used
for position mapping in teleoperations for the proposed system.
The configuration of the haptic device is shown in Fig. 10(c),
while the configuration of the proposed manipulator can be
found in Fig. 10(a). Based on the position mapping in Cartesian
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Fig. 9. Control scheme of the proposed system. X represents the position
and orientation of the haptic device, X ′ is the corresponding result including
position and orientation after mapping which can be used for inverse kinematics
analysis for joint angle θ. γ represents the motor angles computed based on
the motion transmission experimental results, while γ ′ is the real motor angle
obtained through built-in encoders of motors. γ̇ represents motor velocity.

Fig. 10. Mapping between the haptic device and the proposed manipulator.
(a) Scheme of the manipulator, where o represents its origin. (b) Trajectory of
the end-effector of both the haptic device and the proposed manipulator end-
effector after mapping. (c) Scheme of the haptic device, where om represents
its origin.

coordinate system, the slave system including the motors, the
robotic arm, can replicate the motions of the master system
containing the haptic device which is operated by the dentist.
The dentist can adjust his motions based on the visual feedback
from the stereo imaging system.

Instead of exhausting the whole workspace of the haptic
device, only a cubic-shaped volume marked as blue box in
Fig. 10(c) is chosen to map to a similar cubic-shaped volume
marked as a red box in Fig. 10(a) of the manipulator workspace.
Only when the wrist point of the haptic device is moved into
the chosen cubic volume, the position and orientation of its end
will be tested valid and converted to nonzero velocity instruc-
tions to motors, otherwise, the whole system will stay in place.
Coordinate system is rotated and the origin is translated in order
to match the configuration of the proposed manipulator. The
motions are scaled down by multiplying a factor less than one
marked as kp to the displacement between neighboring posi-
tions of the haptic device, while the orientations are multiplied
by another factor as kθ . Confined motions as well as preserved
orientations can be realized by adjusting these two scaling fac-
tors. The converted locations and orientations after mapping will
beboundary test will be performed for limiting the final position

Fig. 11. Human teeth model with the proposed bracing actuator and cameras
from intraoral view.

of the end-effector of the proposed robotic arm within a small
range. Fig. 10(b) presents the trajectories of the end-effector and
the haptic device after mapping.

Joint angles are then converted to motor angles based on the
resolution of each motor and the relation between the motor
angle and joint angle measured in motion transmission exper-
iments. The motors are set to the velocity control mode, the
velocities of which are determined by the differences between
target motor angles and real motor angles γ′ and are processed
with appropriate motion control. More advanced control method
can be applied for better performances.

The manipulator we proposed integrated with the soft bracing
actuator as well as the imaging system is shown in Fig. 11.
Diameters of the two cameras we used are 5.5mm, and the
focal lengths are 20mm which are fit for human oral cavity,
The light intensity of LEDs integrated with the cameras can be
adjusted, which makes it more convenient in dental procedures.
As shown in Fig. 11, the cameras are fixed to a stent with the
bracing actuator while the manipulator can move freely.

V. EXPERIMENTAL VALIDATION

In this section, experimental setup and results will be illus-
trated, including motion and force transmissions, stiffness tests
with and without bracing actuator, with same bracing actuator
but under different air pressures and different directions and
with bracing actuators made of different materials.

A. Motion and Force Transmission

The relations between motor angles and joint angles were
measured as described before [28]. The experimental results of
the first four joints are shown in Fig. 12. From Fig. 12 we can
see that the relation between the motor angles and joint angles
can be fitted well with linear relations and the coefficients differ
due to the different diameters of the mounting parts for motors
and different dimensions of joints.

For cylindrical joints, the diameter of the mounting parts are
36mm, while for revolute joints and wrist joints, the diameters
are 12mm. In order to increase the positioning accuracy and
output payload as well as considering the space limitations, the
diameters of the revolute joints along the rotational directions are
50mm, 60mm respectively, 47mm and 27mm for two cylindrical
joints, and 80mm for the wrist joint.The ratio differences can be
seen from the motion transmission measurement results as well.

The relations between input torque and output torque were
measured in the same way as described in [28]. The results of
the first four joints are shown in Fig. 13, where the speed ratio
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Fig. 12. Motion transmission measurement results, ki represents the ith joint
coefficient.

Fig. 13. Force transmission measurement results, ki represents the ith joint
coefficient.

between motors and joints have been considered and converted.
Therefore the data reflects the energy loss owing to the friction
between tendon and sheath. From the data obtained, around 50%
of the input torque have been lost during the transmission.

B. Stiffness Tests Under Different Conditions

In order to verify performances of the braced manipulator,
stiffness at the end-effector has been measured. The experimen-
tal setup can be found in Fig. 14, where the force sensor and
the linear encoder were installed on either side of dental drill.
When the dental drill is pushed by the force sensor, the linear
encoder will record the displacement under such force, therefore
the relation between the force and displacement can provide us
the stiffness of this configuration.

Stiffness tests with and without the bracing actuator were per-
formed and the results are shown in Fig. 15, which displays a
great improvement to stiffness after adding the bracing actuator
to the system. The middle three lines show the stiffness under
different air pressures with the same bracing actuator made of

Fig. 14. Experimental setup for stiffness tests. (a) Overall setup. (b) Setup of
stiffness test in x direction. (c) Setup of stiffness test in y direction. (d) Setup
of motion transmission test. (e) Motors. (f) Manipulator in upright position. (g)
Manipulator in zigzag position, for stiffness test in z direction.

Fig. 15. Stiffness measurement results under different configurations.

Dragon skin 10 with shore hardness as 10A, while lines at the
left side present the stiffness with the bracing actuator made of
Dragon skin 30 with shore hardness as 30A, a stiffer material.
It is obvious that higher the air pressure is, larger the stiffness
will be. And for stiffer material, larger air pressure differences
are needed to cause similar stiffness differences, which is corre-
sponding to the common sense that stiffer materials is harder to
deform. And stiffness results for the softer materials are smaller
than the stiffer one.

From the results shown in Fig. 15, we can conclude that it
is effective to apply bracing to increasing system stiffness. In
our case, changing materials and air pressure can both affect the
stiffness and stiffer materials are more effective than enlarging
air pressure.

Stiffness of braced manipulator in different directions have
been measured as well with two bracing actuators made of
different materials. The setup configurations can be found in
Fig. 16. Three directions perpendicular to each other were cho-
sen and labeled as x, y and z in Fig. 14. As shown in Fig. 16,
we can find that the stiffness in z direction is much larger than
those in the other two directions, which also corresponds to the
configuration of the proposed manipulator, whose sizein z di-
rection is much larger than in x and y directions. The stiffness
in x and y directions is similar to each other for both bracing
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Fig. 16. Stiffness measurement results with bracing actuator in different
directions.

Fig. 17. Soft bracing actuator. (a) No air inflation. (b) Soft bracing actuator
made of Dragon skin 30 with air inflation. (c) Soft bracing actuator made of
Dragon skin 10 with air inflation.

actuators but slightly larger for the stiffer one. In addition to the
different deformation features for different materials, the asym-
metry generated when applying air pressure as shown in Fig. 17
might be another reason.

C. Motion Transmission With Bracing Actuator

Owing to the soft bracing actuator, the manipulator can still
move under air inflation but the motion transmission will cer-
tainly be affected. In order to quantify these effects, motions
actuated by motors and displacements under air inflation along a
certain direction with soft bracers made of two materials and un-
der different air pressures were measured. The results are shown
in Fig. 18 and Fig. 20. In agreement with the stiffness results,
the motion has been affected by the bracing actuator and the
one made of stiffer materials affects more. Motions actuated by
motors have decreased and based on these results, we simulated
the workspace under the softer bracing actuator and compared
it with the one without bracing as shown in Fig. 19. As labeled,
the red dots represent the positions the manipulator with last
three joints restricted can reach, while yellow dots are the po-
sitions the manipulator with the proposed soft bracing actuator
can reach, and the blue dots show the workspace of the non-
braced manipulator, through which, we can have an idea of how
much the soft bracing actuator will influence on the workspace
and how much it could save compared with a rigid one.

The effect of the soft bracing actuator on the position accu-
racy has been tested with the same experimental configuration

Fig. 18. Displacement measurement results with and without bracing actuator
actuated by motors.

Fig. 19. Workspace simulation results with rigid and soft bracing structure
and without bracing structure based on previous displacements results.

Fig. 20. Displacement measurement results with the bracing actuator under
different air pressures.
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as shown in Fig. 14(d), by measuring the displacement under
different air pressures along one direction. Three tests were per-
formed for both of the soft bracers. In considerations of the
bracers tolerance, the air pressure added to the softer bracer
is limited to 40kPa, while the air pressure added to the stiffer
bracer is limited to 100kPa. During the experiments, the air pres-
sure is increased stepwise as 100 Pa per 0.1 second by an air
pump, while the linear encoder with the resolution of 0.015mm
records the displacements continuously. Raw data of displace-
ments were firstly averaged for each pressure level as plotted in
Fig. 20, where the blue dots are from the dataset of the stiffer
bracer, and red dots are from the softer bracer, and the lines are
the fitting results corresponding with the dots of the same color.

Based on the experimental results, the effect of the soft brac-
ing actuator on position accuracy can be ignored since the
maximum displacements happening under the maximum al-
lowable air pressure for both the stiffer and softer bracers, are
within 0.04 mm, which doesnt exceed the system resolution as
0.047 mm.

VI. CONCLUSION

In this letter, we proposed a robotic system for assisting dental
drilling procedures. Different from existing dental robots, our
design is specialized for dental applications, the dimension and
workspace of which are much smaller, around twice smaller but
sufficient for dental procedures. The soft bracing actuator we
applied has significantly improved the system stiffness, which
could be at least 10 times higher than the non-braced system,
and different materials and air pressure have different effects on
the stiffness. In general, the stiffer the material is and the higher
the air pressure is, the larger the stiffness will be. The dentists
console is composed of a haptic device for motion control and
a stereo imaging system for monitoring the whole process.

Our dental robotic system is intended for relieving burdens
of dentists, improving the efficiency of dental procedures, and
reducing human errors during treatments. With several iterations
of the design and algorithm, clinical trials could be conducted
in the future. Hopefully, the robotic system we proposed could
accelerate automation in dental treatments and further solving
the problems in dentistry.
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